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O R I G I N A L  A R T I C L E
CCR2 mediates Helicobacter pylori- induced immune tolerance 
and contributes to mucosal homeostasis



































Materials and Methods: CCR2	deficient	(CCR2KO)	mice	and	wild-	type	(Wt)	mice	in-
fected	with	H. pylori	SS1	strain	were	analyzed	by	qPCR	and	FACS	analysis.	 In	vitro,	
bone	marrow-	derived	DC	on	day	6	from	CCR2KO	and	Wt	mice	cocultured	with	or	
without	 H. pylori	 were	 examined	 to	 determine	 the	 impact	 of	 CCR2	 signaling	 on	
	dendritic	cells	function	by	qPCR,	ELISA,	and	FACS	analyses.
Results: Acute	H. pylori	 infection	was	associated	with	a	 threefold	 increase	 in	CCR2	
mRNA	expression	in	the	gastric	mucosa.	H. pylori-	infected	CCR2KO	mice	exhibited	a	
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1  | INTRODUCTION
Helicobacter pylori	 (H. pylori)	 colonizes	 the	human	stomach	and	con-
tributes	 to	diseases	such	as	gastric	ulcers	and	cancers.	 It	 is	a	highly	
adaptive	Gram-	negative	bacterium,	capable	of	evading	 immune	sur-
veillance	 despite	 systemic	 and	mucosal	 humoral	 immunity.1,2	 There	
is	growing	evidence	that	the	failure	of	the	host	to	eradicate	H. pylori 
may	 be	 due	 to	 the	 ability	 of	H. pylori	 to	 induce	 a	 regulatory	 T-	cell	
(Treg)	response	against	helper	T-	cell	immunity.	H. pylori-	specific	Tregs	
were	recently	shown	to	suppress	memory	T-	cell	 responses	to	H. py-
lori	 infection	 in	 individuals.3,4	 In	 patients,	 the	 mRNA	 expression	 of	
Foxp3,	 a	 specific	Treg	 surface	marker,	 is	 higher	 in	 the	gastric	tissue	
of H. pylori-	infected	 persons	 compared	with	 uninfected	 controls.5–7 
Also,	 Harris	 et	al.	 reported	 an	 inverse	 correlation	 between	 gastric	
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Foxp3	expression	and	gastric	pathology	 in	H pylori-	infected	children	










pathogens	 as	CCR2	 knockout	 (CCR2KO)	mice	were	 unable	 to	 clear	
infection	by	Listeria monocytogenes.17	Deficiency	of	CCR2	was	shown	




In	 this	 study,	we	examined	 the	 role	of	CCR2	 in	 the	 recruitment	
and	 function	 of	 DC	 during	H. pylori	 infection.	 In	 vivo	 analyses	 fol-
lowing	acute	H. pylori	 infection	 revealed	no	 significant	difference	 in	
gastric	mucosal	DC	between	wild-	type	(Wt)	and	CCR2KO	mice,	sug-
gesting	CCR2	 is	not	 required	 for	DC	 recruitment.	However,	 chronic	
H. pylori	 infection	showed	more	severe	gastritis	and	a	 lower	degree	
of	 gastric	H. pylori	 colonization	 in	CCR2KO	mice	 compared	 to	 their	
Wt	mice.	Splenic	H. pylori	antigen-	specific	helper	T-	cell	cytokine	anal-
yses	revealed	a	lower	Treg/Th17	response	ratio	in	chronically	infected	








2  | MATERIALS AND METHODS
2.1 | Mice
Male	 Wt	 C57BL/6	 mice	 were	 purchased	 from	 Charles	 River	 and	





This	 research	 was	 undertaken	 with	 the	 approval	 of	 the	 University	
Committee	on	Use	and	Care	of	Animals	at	the	University	of	Michigan	
(PRO00005890).
2.2 | Bacterial strains and culture condition
H. pylori	 SS1	 strain	 was	 cultured	 on	 Campylobacter-	selective	 agar	
(BD	 Diagnostics,	 Bedford,	 MA,	 USA)	 for	 3	days	 in	 a	 humidified	
microaerophilic	chamber	at	37°C	 (BBL	Gas	System,	with	CampyPak	
Plus	 packs,	 BD	Biosciences	 San	 Jose,	CA)	 as	 previously	 described.9 
H. pylori	infection	of	mice	was	achieved	by	oral	gavage	of	109	bacteria	
suspended	in	100	μL	of	Brucella	broth.
2.3 | Generation and stimulation of bone marrow- 
derived dendritic cells (BMDCs)
BMDC	from	Wt	or	CCR2KO	mice	were	derived	using	mouse	GM-	CSF	
(10	ng/mL)	 and	 IL-	4	 (10	ng/mL)	 and	 cultured	with	RPMI	 containing	
10%	fetal	bovine	serum	(FBS)	as	previously	described.19	BMDC	were	
harvested	 and	 enriched	 (106	 cells/mL)	 by	 gradient	 centrifugation	
using	OptiPrep	density	solution	 (Sigma,	St.	Louis,	MO)	according	 to	
manufacturer’s	 instruction.	 For	 H. pylori-	stimulated	 BMDC	 experi-
ments,	BMDC	were	stimulated	with	107	CFU/mL	of	H. pylori or	PBS	
for	 18	hours	 and	 then	 cocultured	 with	 syngeneic	 splenocytes	 for	







group)	 were	 used	 in	 each	 experiment.	 The	 stomachs	 from	Wt	 and	
CCR2KO	mice	were	cut	along	the	greater	curvature,	and	2-	mm	strips	
of	fundus	and	antrum	were	embedded	in	Tissue-	Tek	optimum	cutting	
temperature	 compound	 (Sakura	 Finetek,	Torrance,	CA).	 Splenocytes	
from	Wt	and	CCR2KO	mice	were	cocultured	for	72	hours	with	BMDC	

















transcribed	using	 iScript™	 cDNA	Synthesis	Kit	 (BIO-	RAD,	Hercules,	
California).	Expression	of	CCR2,	H. pylori	16S,	 IL-	6,	 IL-	1β,	 IL-	12p35,	
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2.7 | Generation of single- cell suspensions and 
flow cytometry
Stomachs	 and	 spleens	 from	Wt	 and	 CCR2KO	 mice	 were	 digested	

















Significant	 values	 were	 indicated	 as	 follows:	 *P<.05,	 **P<.01,	 and	
***P<.001.
3  | RESULTS
3.1 | Acute H. pylori infection induced upregulation 
of CCR2 expression in mouse stomach but deficiency 
in CCR2 did not prevent DC accumulation in  
H. pylori- infected stomach
To	determine	whether	CCR2	is	significantly	upregulated	after	H. pylori 
infection,	we	measured	gastric	mucosal	mRNA	level	of	CCR2	24	hours	
after	H. pylori	 infection	 (Figure	1A).	 A	 significant	 increase	 in	 CCR2	
expression	was	 found	 in	 the	stomach	24	hours	after	H. pylori infec-
tion	(Figure	1B).	To	examine	the	role	of	CCR2	on	DC	recruitment,	we	
measured	 gastric	mucosal	 CD11c+CD103+	 DC	 and	CD11c+CD11b+ 
macrophages	during	H. pylori	 infection.	Acute	H. pylori	 infection	 in-
creased	the	percentage	of	DC	but	not	macrophages	 in	the	stomach	






3.2 | CCR2 deficiency increased H. pylori- induced 




and	 increased	 expression	 of	 proinflammatory	 cytokines	 (eg,	 TNF-	α,	




we	 found	 a	 lower	 gastric	 level	 of	H. pylori	 colonization	 in	CCR2KO	
mice	compared	to	Wt	mice	(Figure	2E).	These	data	indicate	that	CCR2	
signaling	contributes	to	H. pylori	colonization	in	mouse	stomach.
3.3 | CCR2 deficiency skews H. pylori- specific Treg/
Th17 response toward Th17 Immunity
To	further	study	the	mechanisms	of	how	CCR2	deficiency	 leads	 to	 in-
creased	H. pylori	 gastritis,	we	examined	 the	 systemic	H. pylori	 antigen-	
specific	 T-	cell	 responses	 by	 ex	 vivo	 stimulation	of	 splenic	 T	 cells	with	




































F IGURE  1 Acute	H. pylori	Infection	Induced	Upregulation	of	CCR2	Expression	in	Mouse	Stomach	but	Deficiency	in	CCR2	Did	not	Prevent	
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3.4 | BMDC derived from CCR2KO mice remained 
immature and failed to induce H. pylori- stimulated Treg 
differentiation in vitro
Because	CCR2	deficiency	 did	 not	 prevent	DC	 recruitment,	we	hy-
pothesize	 that	CCR2	 signaling	 on	DC	may	 impact	 its	 function	 and	
assessed	BMDC	function	 (upregulation	of	costimulatory	molecules,	
cytokine	 secretion,	 and	 splenic	 T-	cell	 differentiation)	 after	 in	 vitro	
H. pylori	 stimulation.	 Overnight	 stimulation	 of	 BMDC	 by	 H. pylori 
revealed	 a	 failure	 of	 CCR2KO	 BMDC	 to	 upregulate	 costimulatory	
molecules	CD80	and	CD86	and	a	lower	production	of	proinflamma-
tory	 cytokines	 IL-	1β	 and	 IL-	6	 (Figure	4A).	Assessment	of	 the	 func-
tion	of	BMDC	in	priming	H. pylori-	specific	adaptive	T-	cell	responses	
was	performed	by	coculturing	H. pylori-	stimulated	BMDC	with	naïve	
splenocytes	 for	 72	hours	 in	 a	mixed	 leukocyte	 reaction.	As	 shown	
in	Figure	4B,C,	CCR2	deficient	H. pylori-	stimulated	BMDC	have	re-
duced	 priming	 of	H. pylori-	specific	 adaptive	 T-	cell	 responses	most	
pronounce	 in	 Th1	 (IFN-	γ)	 and	 Treg	 (Foxp3)	 responses.	 The	 Treg/
Th17	 balance	 was	 significantly	 lowered	 in	 CCR2KO	 BMDC	 com-
pared	to	Wt	BMDC	(Figure	4D).	To	further	investigate	whether	the	
observed	BMDC	dysfunction	is	a	result	of	defective	DC	differentia-
tion	 or	 DC	maturation,	 neutralizing	 antibodies	 to	MCP-	1,	 a	 ligand	
of	CCR2,	were	added	to	BMDC	culture	during	H. pylori	stimulation	
to	disrupt	CCR2	signaling.	MCP-	1	depletion	 interfered	with	BMDC	
maturation	 indicated	 by	 lower	 surface	 maturation	 markers	 CD80	
and	CD86	as	well	as	a	lower	IL-	6	production	of	H. pylori-	stimulated	
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4  | DISCUSSION
The	current	study	 investigates	the	role	of	CCR2	in	H. pylori-	induced	
tolerogenic	 response.	We	showed	 that	acute	H. pylori	 infection	was	
associated	with	a	threefold	increase	in	CCR2	mRNA	expression	in	the	
gastric	mucosa	compared	to	uninfected	control	mice.	CCR2KO	mice	
developed	 a	 higher	 degree	 of	mucosal	 inflammatory	 responses	 and	
had	a	 lower	degree	of	gastric	H. pylori	colonization	with	two-	month	
infection	 compared	 to	 infected	Wt	 mice.	H. pylori-	specific	 immune	
response	 in	 the	 CCR2KO	 spleen	was	 characterized	 by	 a	 significant	
increase	 in	Th17	response	and	a	decrease	 in	Treg	response.	We	de-




BMDC	 had	 lower	 surface	 expression	 of	 costimulatory	 molecules	



















responses	 in	 that	 immature	DC	are	believed	 to	 induce	 tolerance	 to	








suggesting	 that	CCR2	 signaling	may	be	 required	 for	DC	maturation	
upon	stimulation	by	bacterial	antigens.	Moreover,	H. pylori-	stimulated	
CCR2KO	BMDC	are	 incapable	of	 inducing	adaptive	T-	cell	 responses	
including	Treg.	Similar	observations	have	been	 reported	by	Chiu	BC	
et	al.	 that	DC-	derived	 CCR2	 deficient	mice	 had	 a	 lower	 expression	







recently	 found	 that	 CCR2	 actively	 recruits	 monocytes	 out	 of	 bone	
marrow	compartment	and	does	not	affect	tissue	recruitment.28 In our 
study,	we	also	did	not	observe	a	significant	difference	in	DC	or	mono-




mice	exhibits	a	 lower	H. pylori-specific	Treg	response	resulting	 in	 in-
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